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Colre]:~tioll  of tllc lattice c]istortion  ancl polaron conduction with t i le  physical

properties of lJao.7Ca0,3Mn03  and Lao.5Cao,5C003 cpitaxid  films
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‘J’}lc effects of lattice distortion on the physical properties of IJao,,‘~~0,3~11103  C~)if,ZLXid

fillns  are invcsti:ated. Our results suggest that lar:;cr s~lbstx:tte-iIlc]\  lcccl lattice distortion

giv~s rise to ]~~rg;er  ~c!ro-flelcl  resist ivity aIICi  ]aI’~Cr  Ile~2\ti\r.2  I[”la/;IletolCsist~illcc.  sily]i]~~  cfl~cts

are also observed  iIl samples of ciiflerent thicknesses ancl on the szimc. substrate lIlaterial,  lvith

largm resistivity  anti Ii-lagIlctcJIesistaIlce  associated ]vith thinner  saInplcs.  11~ addition to x-ray

c{ifl’ractioIl spcctroscol)y,  the dcglecs  of lattice clistor Lic~Il irl difl”crcIlt  samples are furt}icr veri-

fiCCi  by tllc suIfacc  tOpo:;Iaplly  taken  Wit}l a 10\v-  tcIIl~)eraturc scarlIliIl$  tuIIIlcliI~g 31]ic.roscope.

QuaI~titativc  a,~alyscs  c~f tl]e tIax~spo~t prope~.ties suggest that t}le l~i~;k~-tc~~l~>c~:~t~lIc  (1’ -, 1~)

colossal 11-~:~gl~ctc)rcsistaI]ce  (CM1t)  iIl the Illan~;zu~ites  is consiste:lt  with the coIlciuctioI~ of lat-

tice pcJlaIoI~s inc~ucecl by the Jahn-’l’e]lcz c,ou]p]ing,  aIIC] that the lo\v-teIIll>erat~lI’e  (q’ << !/’c; )

IIlztgIIctorcsi  st:~Ilce  may be attributed to t}lc nlagllctic doIIlai  Il wa]l  scattcl’in~. 111 cc) IltLast,  t]lc

akIICC  c~f tllc Jahn-’l’cllm  cc)uplins  aIId tllc  larg;e  coIlcluctivit.v  iIl l~ao.s~ao,s~o~s  c~)it=.ial

iilIns yiclcl IIIUC]l  sll)aller  ]legat+ivc IIlaF;IlctoresistaIlce w}lich  nlay  be attributeci to disc) rclcr-s~)in

scattcriIIg;  .
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I{cce,nt expe:-imcntal  studies of t}lc  CCJ1OSS:LI  xl-laglletorcsistive  lnallgallitcs  LII1 _x.Ax NI1103..6

(111,: trivalc~,t rare  earth iol~s , .4: clivalmlt alldille earth  ions) h a v e  led to IICW il~forInatioll

w}lic]l  suggests the re]cvancc  of lattice cflects  011 the! collductivity  and  magllctism  of these

lnaljgallites[l  -5]. Some representative expcri IIlc  Iltal  obserwtion iIlclucles a strong correlation

bct~vcc]]  t]le thickllcss of epitaxial filIns  allc{ the cc)rrcs~>ondillg;  ll~agllctorcsistaIlcc[  l); c~cclcas-

ill~ Curie tmnpcraturcs  (Z’C) aIld incrcasins CIhIIL effects  with the increasing lattice clistortioIl

via the substitution of La ions by slnallcr  iolls  of Pr EL1lcl  Y[2); a significant reduction of the

lnagl)ctoresist  allce  ill single crystals uILdcr a llyclrostatic pressu1e[3];  as well as a large ma.g-

llctovc]lulnc efTcct[4]  and  a giant oxygcll  isoto~)c  cflect[5J ill ?ijal - ~CjaXM1lOJ.  011 tllc  pllysica,l

orig;ill for the colossal magnctoresistance  (C,hI~t),  t~lc impoltancc of ]attice ~Jolarcul  conc~uctic]ll

illcurrccl  by the Jahll-Teller couplillg;  ill tl~c lnallganites has bceII proposecl[6).

1]1 t}lis work, \ve ex~)lore the correlation of tile lat, tice clistortiorl  allcl Ja}ln-1’cller  couI)liIlg;

-Ca~,~MnO~  (I, C,MO)  aIIcl Ila~.5Ca~,5C003  (l/C(; ()) c~)i-Wit}l t]le IIl~:IICt O~eSiSt:iIICC Of I,ao. ,

taxia]  fi]ms.  ‘1’he lattice c{istortion  is v?uiccl by cit~ler  g;l’O~Vi  Il$J films  of the same thickllcss  on

substrates \vit,]l  variOus lattice constants, c)r by varyill~;  the thickness aIId tllc gxowtll  rate of

tl~c filIJ~  CJII tllc sa.Ine type of substrate. ‘1’IIc cc)rrclatioll  bctw-ccn  the JahII-rl’CllCX  cou])lillg  ancl

the occurrcqlcc of CMII is ilivestigatccl  by coln~jalill~; the pllysica.1 properties of I,C.MO  allcl

I,CCO epitaxial  filn]s  grown ullcler the salne  collditiolls. ‘J’}lis colnparisoll  is basecl oll  the fact

t]~at cc~ba]tites w i t h  cioping  levels bct}vecxl  0.4 aIId 0.6 are kIlowIl to  be  fcrx’oln?  ~;rlctic lnct-

ds Whic]i arc! isostructurc!  to  t}lc lllallp;anitcs  aIIc]  :11’c witl]out  t h e  JahlI-gkl]cr  cou~)lillg[’i’,s].

‘1’hc substrates  selcctccl inclucle  sillg;le  crystallillc  I,a.k103 (1,,10), Sr”J.’i03  (S710), aILcl Y~j103

(Y.40). ‘~)l~esc substrates  arc cllose~~  tc, ~,rcwiclc a ranp;c c]f la t t i ce  constants  which  allows

stuc]i~:s  of t}le effects of tensi]c  a,lld coln~>rcssivc strc!ss of t]lc films.

‘1.’llc I,CM()  ancl I,CC()  cpitaxial  filIlls  arc growl]  b y  pulsecl  laser clc~)ositic)ll  using stoi-

cl)ic)I1)ctric  targets. For stuc]ying  t}le s~ll>stl:~tc-illcltlcecl  lattice clistortiol~, 200 1]11~ thick fil]ns

CJI] dif~excv]t  substratcvs are grOWII  ill 100 n]rl’orr of oxy~;cvl w i t h  t]lc  s u b s t r a t e  tcli~~)craturc

at 700°  C, aTlcl subsccluently  allllealccl  at 900°  C of 1 atIII  oxygcIl for tlvo h o u r s .  ‘.l’llc Cux”ie

tclll~Jclature  q~, for all I, C,M() is 2!60 :! 10 ]<, al~cl tllatj fc)r the I,CCO is 1~, : 1S0  :1-3 K. “J’}]c

lat t i ce  cc)llstallts  U, ~ and c (c--l. sample  sulface)  as Ivell  as tllc el)it,axy of the fillrls  ale clctcr-



nlixled using  high resolution x-ray ciifI’ractioll  spectroscopy and s-ray rocking cLmvcs, and the

results have  bcwn given clscwhcIe[9].  ~nothm batch o{ I,CLIO  filIns are growli  on I~A() with a

tllic,kncss  of 100 nm, a,lld under the sa,lne conditions described above except for two cliffcrent

growth ra.te.s  controlled by the laser fluent.es. AI1lO1l~  both the I~CMO ancl I,CCO fl]In S of

the salne  thickness, wc fiIIcl  the largest Iatticc clistortion  in I, CMO/Y~\O  and I, CCO/YAO

fl’c)ln the x-ray data[9].  For  LCMO/I,AO samples with clifierellt thicknesses allci uIlcicr cjiflcr-

cl~t glowth rates, the thil~llci-  salnplc  of 100 I]]n is founcl to exhibit larger  lattice distoltioll.

Tllc chclnica] properties of t}lcsc samples arc further characterized with x-ray ~]hotoclcctrou

s~)cc.troscopy  (X I) S)[l O]. ‘l’he roor-1~-texll~)crat~lle  valcllcc band spectroscopy SILOWS  no clcnsity

of states  at tl)c Ferlni  level for t}lc  mallgallitcs  aIIcl a hig;ll clcllsity of states at the I“crlni level

for tile coLaltitcs[l  O], consistent with tl~c scllliconcluctillg nature of the fOIInCI’ ancl mctal]ic

]laturc of the latter.

‘J’hc effects of lattice clistortio!l oll  the Irlzi?;llctc)lcsistallcc l\~tI1  of the  I,CMO filnls  o f

tllc salne  th ickness  (200  nln) arc illustlatccl  ill 1+ ’ig.l for 11 = 6 ‘1’esla., with the IIJa~,I~ctc)I-c-

sistallcc  ill a  ll~agllctic  ficlcl 11 cldillccl  a s  L\ltIf  :- [p(l]) -  p(0)]  /p(n). ‘1’hc corrdatioll  of

sulfa,ce  topography with the mag;nctorcsistivc  Lcllavior of the salnPle  is investigated via STN1

ilnagillg. ]n I~ig;  ,2 the S’J’M surface tc)pograplly  c)f I, Chl O/ IJ.-’L()  ancl IJChIO/Sl’O  films sl]otvs

ilnascs with atolnica]ly  smooth surfaces allcl hig;llly olielltccl  rcctanp;ular  tcrracc steps whic]l

arc  ccmeiated  with the substrate ancl the c,rysta.llinc axes. .-iccorcling  tO our x-rzLy clata alIcl

t~lc t ransport  I1lc’m~lre1~lc11ts[9],  tllc I, CM()/1,/\O allci I_, Clfo/Sg’C)  salnplcs  exllihit o v e r a l l

cwll~~]arable  lattice clistortion  allcl ll~z~gllctorcsistal~cc,  a]tllough  the lattice clistortiol~ a,llcl tllc

lllaximum  Inagjlctorcsist  axlce for I, C, MO/ S’I’()  ale slip; ht,ly larger.  These results arc  col)sistcIlt

with  tllc S’J’M surface topography ill Fig. ? ~vllich S11OJVS cc)lnparab]e  surface rouglllless[ll]  for

tllc twc) saulplcs, with a slip;htly  hig;her step clcnsity  ill the I, CMO/S7’O filII).  Si]nila.r  correlat-

ion of the surface topography with the electrical transport properties is also obscrvccl in the

case of I, CM O/I,AO films  of cliffcrcllt  tllickllcsscs  allcl Srowth  rates. .4s showIl in l’igs.3 allcl 4,

tllc IIl:igl-letoresistallce  of three I, CNIO/l,AO films a~)pear to bc correlated with the mcIrphol-
. .

ogy of the surface, with the ]Ilaglletc)resistarlce  of the tllillllcr  salnI~les  (1 00 nm) sigllifical~tly

laP~;cI than those of the thicl;cr  l, CLMO/l,AO salmJc (?00 mn), allcl the surface topogla~)lly
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of t}le thilmcr  saInplc  a p p e a r s  lloticcal]ly  IIlcJrc irrc~;ular. It is also illtcxcstirlg  to llote that

t}lc thi]l sa,xnple  (100  Ilxn) uIlclcr a slo~ver  gro}vth  rate (] .6J/CII~2 laScr flU.WIC~)  Sh@WS b o t h

step-flow and  island growth  modes, ~vhereas  tllc  faster growt}i rate  (2 J/CIn2 laser flucwce)

yiclcls  a predominantly is]ancl grmvth  Inc)de.

Assuming polaron conc~uction  as tile clolnillallt  coxlclucticJ1l lnechallism fc)r I, CIVIO at ]ligh

tclllperaturm,  the rcsistivity clat:L for all I.CMO fil]ns arc analyzed according to tllc ex~)rcssiou:

[ 1h’b(y’)
/(7’) % 07’ Cxp –-

k[JT ‘
(1)

whc~ c. }.’~ is the pola,ron  bincling  CIIcrgy, n a collstant,  ZUIC1  the tcmperatu:”e  ZLIICI  Il”lafylctic  fLe!ld

dcp~l~c{cIlcc of ~~b s a t i s f i e s  t h e  conclitio]ls  ilnpcmed by t~le po]aroll  lllc)c~el. “J’]lat is, ~;~ - } 0

in tllc lilnit  of colnplete  lna?;l~etic o r d e r  whcvi the il~cleasing  ho~)pillg rate of  t}lc  itinmant

e l e c t X ’ o i l s  e~ccec{s  t~le optical ~)]lol)oll fl”(!q~lenc.~,  ZLIld ~Jb ‘-~ ~,’bo - cC)llstallt  ill t}l~ absence  of

lmlg-range  magnetic orclcr.  For  all I, CIV1O filli~s, the fittillg; to the hig;ll-tcllll>cratllIc  resistivity

c]ata ~ie]ds ~~bo  = ( ) . 3 5  cV[9]. “1’his cIle~gy coxnpares  favorably tc) the Ja}in-’l’cller  cou~ )lix~g

cmergy[6],  suggesting that the high- tclnperature  c.oncluctioll  Inechaliism  is dc)lni:~atecl by the

lattice polaroll  conductioll.

011 the c)ther  hanci,  t}lc  lCJW tcvnpcraturc  transport properties a~)pear  to be strong;ly  ccme

latcd wit}l  the clcgrcc of lattice clistc)rtion.  ‘J’hat is, samples of lzLrgcr  lattice distortion exhibit

larger  resistivity  axlcl Inag;llctolesistance, su~;$;cstillg  incrczisill~;  clectrc)n  s c a t t e r i n g  c{ue to a

lZilg!el IIulnbc!x’  of magnetic domaills  allc~  g;raill boundaries il”lc{ucccl by larp;er lattice  ciistc)x’tioll.

‘1’llc incolnplctely  alignccl  lnolncllts  of t}lc  lliagllctic  c]omaills  clue to either  illhcJ1no~;cllcity or

\)illllillg  by local defects below 2’C give  rise tc) larger  scattexillg  of collcluctic)ll  clcctlc~ns.  ‘J’herc-

fore all applied Inafylctic ficlcl has IILCJrC sis;nificant  ef~ects o]) aligliillg  the llla~;xletic  clc)lnaills,

tllmel)y  XI1OIC cflcctively  rcducillg  the resistivity  ill salnI)les with larger  lzLtticc  clistortioll.

‘J’o investigate the ycIcvaI]ce  of lattice polaroxls  to the occurrc]lce  c)f Chili,  ef~ects,  the

rcsistivity  and magnetization c)f I,CCO fillns  on I,AO aILcl  YAO substrates were stuc]iccl.  l)c-

spitc colnI)arable  lattice rclaxatic)ll  al~d lattice stxaill ill the ~~laxlganitcs  and ill I, CCO/YAO[9],

t h e  lllagllituclc  ancl tcmpcraturc  clepc:ldellcc  of t}lc rcsistivity in t})c I,CIMO and l,CC()  sys-

t,elr)s  exhibit sharp contrasts, as i l lustrated il~ l’igs.l aIlcl 5, A l s o  showlI ill ~;ip;.5, fc)r tllc

l, CC O/Y.-}O szunplc,  a faster decrcasc  ill tile zero-f ield rcsistivity as well as a lllaxilll\llll  ill



tile lna,  g;nitudc of negative lllag;lletorcsistaxlce  both occur at approxixl~ately  the Curie  telnPer-

aturc (7’~  x 180 K), suggesting that magnetic. ordering below 7~, reduces the resistivity[9].

Oul rcmnt stuclicx  of the rulomalous  IIall effcct[12]  on the I,CCO sam~)le  also coxlfirm that the

I1l:i~,llctoresista]lce  in I., CCO  is of the origin of clisordcr-spin  scatterillg  r a t h e r  t h a n  polaron

Coxlducticm.

In summary, wc have studiccl  tile cficcts  c)f lattice clistortioll  on the physical properties of

I,ao.7Ca0,3NIn03  epitaxizd  films by varying the thickness of films on the SalIle  substrate, and  by

dcpositillg  the same thiclmess  of films on various substrates with a range  of lattice constants,

Our stuclics  reveal that larger substrate-inc]ucecl  lattice distortion gives  rise to larger zerofielcl

rcsistivity  and  larger llcgativc lllag;lLctorcsistallce. ‘J’he lattice clistortion  cleternliliecl  from the

x-ray Ciiffractioxl  Stuc]ies  is fLlrthcr collfiL’lI”lcc~  by the Srl’NI images  of the sLllfacc! t o p o g r a p h y .

OUI” lCSLlltS Sug;gc!st  that

\vitll  the concluctioll  o f

low-te:nperature  (T <<

dolnain wall scattering.

the kligh-tel~~~)crzkttlrc  (7’ -- } T~) CMIt  in the lna]igzulites  is collsistcxlt

l a t t i c e  polarcjlls  illclucccl  by tl~c Jalln-Teller  couplirlg;,  allcl t h a t  tllc

Tc) negative xlm~;l~ctorcsistal~c.c  call be attributed to the nla~;nct,ic

I n  cc)llt,rast,  the ahsclic.c  of the JahI~-”1’cllcx  cou~]li]lg and  the lar~;e

cc)llctuctivity  ill I.aO,sCaO.s Co03 epi~axial  filnls lllay a c c o u n t  for Lllc.  lnLlch slllallcr ]Jc!gative

lr-lagllctoresi staIlce.

‘J’~i+J research at Caltech is supportcc{  by t~lc ~)ackarci ~’oullc\atioll  arlc~ the ~atiollal  i!cro-

llautics  ant! Space .~dxninistratioll, Ofl~cc of  Space Access allcl Techlmlogy  (N.1S~l/OS}L’1’).

l’art c)f tile rcsertrc}l was perforlneci  by tllc Cel~tcr  for Sl>ac.e Microclectrollics  ‘1’echnolo?;y,  Je t

l’ropulsioll  I,aboratory,  Caltech, allcl was spoI]sorecl  by N:\ SiL\/OS:YI.  We tllaxlk  Nikkc) IIitech

]lltcl’llatiollal  IIIC.  for supplying  tl”lc >’ii]o~  substrates Llscc~ ill this woL’k.



. .

[1]

[2]

[4]

[5]

[6]

[7]

[s]

[9]

[10]

[11]

S, Jin, ~. H. ~iefel,  M. McCorInack,  R. ~~. Fastllac]lt,  R. ~talilcs~l,  ?LIId  I , .  11. ~hcIl,

Science 264, 413 (1994); Appl. ~’hyS. 1.ett. CiG, 3S2 (1995); Appl. ph~S.  Lctt. 6715 5 7

(1995).

}1. Y. Hwang,  S.-W. Chconp;,  1’. G. Itaclaelli,  h4. I.larczio, mld 11. Ilatlogg,  I’hys. ILcv.

I,ctt.  75, 914 (1995).

K. Khazmi,  Y, X. Jia, I,. I,u, V, 11, Crcspi, M. I,. Cohcx  L, and A. Zcttle, Phys. Itev.

l,dt.  76, 2’35 (1996).

M. R . lbarra, P. A. Algarabel,  C. Marquina,  J. }Ilasco, and J. Garcia, I’llys. Rev. Lett.

75, 3541 (1995).

C~.-M.  Zhao, K. Conder,  11. I<ellm,  and 1<. .L~.  Miillcr, Nature  381, 676 (1!396).

A. J. Millis, 1’.13. l,ittlewood, .mlcl 11.1. Shraiman,  I’llys. lkv. I,ett.  74, 51(44 (19!35);  A.

J. Minis, 1). I. Shraiman, ancl IL Mueller, P}lys.  I{cv. I,ett.  77, l’i’5 (1996).

11. Ollbayashi,  T. I{uclo and  ‘1’. Gcjc),  JI>II.  J. il])~)l.  I)hys.  1 3 ,  1  ( 1 9 7 4 ) .

Jt. Mahendirml et al., J. I’hys.: ConclCIM.  klat,tel  7, 1,561 (1995); S. Yalnaguchi  et al., J.

~’h~S. Sot. Jpn. 64, 1885 (1~~~).

Al.-C.  Yeh,  R.  P .  Vasquez, 1). A. I]caln, C . - C .  FL], 11. lIuyllli,  and  G. Reach,  sub]l]ittecl

to Phys, Rev. R.

R. 1-’. Vasc]uez, Phys. Ikv. 11, (ill p r e s s ) .

F’or tile definition of the surface rc)ug;llllcss, see, fc)r exaxxl])le,  M. Ollring, ‘Lq’he Ma(crial

Science of 2’hin l’ilms”, Acacic]nic l’ress Inc., San Ilicgo,  CA, (1992).

A. V. Salnoilov, N.-C. Yeh al~d  It. P. Vasqum, sublnittcd to Scicxlce.

6



]i’iga] I’llc cfiect of lattice distortion OIL the lnaglletoresistallcc  AltfI a-s a furlction  of the

t~ln~wrature  is sllcj]vn  for I,ao .TCaO.3MnOs epitaxial fillns  on clifferelit substrates of LaAIO~,

YAIO~, a,lld Srlt’i  O~. lIcrc the  ap~)licc] fielcl is 11 = ~ 6.0 Tesla.

Fig.2 S7’lvI ilnages of 200 Inn t h i c k  LCMO cpitaxial fihns 011 (a) I,AO alld (b) STO sub-

strates, sllowillg  highly oriclltecl  rcctallglllzir  terxace  strLlct~lres  forl~iccl  by  s tep- f low growth

lnoc]  c!. l’he i m a g e s  are 100nm  x 1001-1111 in s i ze  ancl 0 . 1 2  Ilm ill grey scale,  illclica,tixg  rlns

surface rough~]ess  of 0.4 mn for (a) a,nci ().3 IiII-l for (b). ‘1’hc terrace steps arc  typically  (11.8 or

0.4 IIIn iu hciglit, consistcz)t  with either  the ullit  cell or half-relit-cell lattice parzuncter.

1+’ig.3 Colnparisoll  of tile th ickness  aILcl  growt}l rate clepmidcnce  of tile xllap;xlctoresistaIlc,e

[ll?~~(g’)  with 11 = 6 . 0  ~’esla ill LCNIO/I,AO  fillns. “J’llc  illsct  shows the cc)rres~)orlcling

?ero-fielci  resistivity  p(2’) of the saxne salnplcs.

l“ig,4 S’JIM imas;cs  of 10011111 thick  LCIVIO epitaxial  filIns g;rown  on 1,~10 substrates at (a)

2 J/cm2 aIlcl (b) 1.6 J/c. m2 laser flue:i  cc. TIIc ilnagcs  arc  150mIl x 15(lxlIn ill s i z e  m~ct tile

Drcy scales ale 0.35 nm for (a) ant] 0.25  IIIn for (b), lvith UIIIS sulfate roLIgllIIcss  of 0.5 IIIn al~clo

0.3 IiIII, rcspcctivcly.  l’he higher gro~vth-rate  salnple  (a) shows rounclecl “rice-paclcly’ ) tcrraccs

illclica.til~g  islallcl  ~;~owtll  Inoclc. ‘~hc lc)wcr  growth-rate saln~)lc  (b) shows jaggecl  “fish-scale”

tcrracm suggcstill:  a more step-flo~v g;rowth moc]c. g’he terrace steps are typically 0.S IIIn or

0.4 ILln in llci~;llt,  ccnlsistcxlt with either the ullit-cell  or half-  ullit-ce]l lattice paralnctcr. ‘1’he

lllclrc clistortccl  sulfate ]llor~)hology  of the 100 IIIn fil IIIs as comparccl  with tllc 200 1111-1 fihns

[1’ig.2] is cc~nsistcnt with the higher  lattice clistortions  i,, the fc,rli-~cr.

1{ ’ig.5 !t’llc z e r o - f i e l d  resistivity  p axlcl the  lll:Lg;lletc)rcsistzillce  L\~/,11 of a LCCO/I,AO filln,

sllowil]g  strong  corx’clakic]ll  o f  t}lc lr-lagllctcJrcsist:~llce  with  s~)ill  fluctLlatiolls  near  l’~:.
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